As an alternative to the conventional phosphors in white LEDs, a donor and acceptor codoped fluorescent 6H-SiC can be used as an ultraviolet to visible light converter without any need of the rare earth metals. From experimental data we provide an explanation how the light can be obtained at room temperature by a balance of the donors and acceptors. A steady-state recombination rate model is used to demonstrate that the luminescence in fluorescent SiC can be enhanced by controlling the donor and acceptor doping levels. A doping criterion for optimization of this luminescence is thus proposed. *
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Introduction:
White light-emitting diodes (LEDs) are anticipated to replace the traditional incandescent light bulbs and fluorescent lamps in the near future due to their high-efficacy and large energy-saving in illumination [1, 2] . High-efficiency III-nitride LEDs are now commercially available with efficacies surpassing those of the conventional light sources. They have rapidly evolved in white LEDs illumination. For generation of white light emission, three different approaches are developed. These are blue LED with yellow phosphors; an ultraviolet (UV) LED with red, green and blue phosphors; and a device that combines red, green and blue LEDs [2] . The advantage of the blue LED with yellow phosphors is its higher efficacy compared to the other two approaches. Therefore, today's white LEDs are commonly made by a combination of III-nitride based blue LEDs and a coating of yellow phosphors such as cerium-doped yttrium aluminum garnets [1] , which are becoming less available since they contain rare-earth metals. However, the main problem for such white LEDs is that the color temperature is too high and the color-rendering index is too low. A real white LED should cover the full spectral range from blue to red.
Recently, an alternative approach has been suggested to realize a true white LED by an all semiconductor integration of a near UV-LED stack on donor and acceptor co-doped SiC substrates [3, 4] . Such donor and acceptor doped substrates absorb the near UV light from the GaN-based stack and re-emit visible light via donor-acceptor-pair (DAP) recombinations.
Therefore, this wide bandgap semiconductor can be used as fluorescent medium for the white LEDs instead of conventional phosphors. Two successive fluorescent SiC (f-SiC) layers, in which one is doped by nitrogen (N) and aluminum (Al) and another one is doped by N and boron (B), are used as a substrate for the growth of the III-nitride based near UV-LED stack.
The boron is a deeper acceptor than the aluminum. The N and B co-doped f-SiC emits yelloworange light while the N and Al co-doped f-SiC emits blue-green light. It has been demonstrated that the CIE chromaticity coordinates of x and y in the N and B doped SiC are 0.486 and 0.465 while those in the N and Al doped SiC are 0.137 and 0.085, respectively [3] .
Therefore, by a combination of these two spectra, a full-range of visible spectrum similar to the sun-light spectrum can be realized [3] . Moreover, it has been demonstrated that a nitridebased NUV LED stack having the peak wavelength of 385 nm is grown directly on the f-SiC material to make the device [3] . This opens up the way to develop white LEDs with high color rendering index but without any need of the rare-earth-doped phosphors.
Although SiC is indirect bandgap semiconductor, it has been demonstrated that SiC can be used as a light emitting material. Early blue LEDs were produced by 6H-SiC p-n homojunctions [5] . The blue light comes from donor acceptor pair recombination between N donors and Al acceptors in the p-n homojunctions. Although such devices exhibited only a power efficiency of ~0.05-0.07% (25-35 µW for a forward current of 20 mA at 3.2 V) [5] , it demonstrates that the suggested approach to get blue light from the recombination between N donors and Al acceptors should be realistic. In addition, compared to the electroluminescence from 6H-SiC p-n homojunctions, This approach by using the near UV light excitation from the nitride stack enables one to distribute the carriers of a large volume instead of a thin interface of p-n junction at which the injection carrier concentration is too high and nonradiative recombination probability may be also high due to the interface defects. More importantly, it was recently found that N and B co-doped SiC exhibited the high efficient orange-yellow light emission at room temperature [3, 4] . Furthermore, a prototype of such a warm-white LED made by the integration of nitride based near UV-LED stack on the N and B doped f-SiC substrate has been successfully demonstrated in Ref. 3 . We believe that if such donor acceptor pair emissions in the f-SiC layers can be controlled by proper doping levels, the integration of the nitrides UV-LED stack on the f-SiC substrates can be anticipated to achieve the white light emission with the high colour rendering index and the stability/reproducibility of colour quality. This would provide an alternative way to achieve real white light without use of rare-earth doped phosphors.
To realize such semiconductor white LEDs, the key issue is to resolve how the emission efficiency in f-SiC layers can be improved by controlling the doping contents. In the previous works [4, 6] , we reported the observation of room temperature luminescence in N and B codoped f-SiC. However, it is still unknown that how the doping levels affects the emission efficiency and what is the doping criterion for optimization of luminescence.
In this work, we focus on the impact of doping levels on the luminescence intensity and quantum efficiency in f-SiC grown by the Fast Sublimation Growth Process (FSGP) [7] . The N and B are used as donor and acceptor species, as an example, to demonstrate how the luminescence can be controlled by a balance of donor and acceptor doping levels. As a consequence, a doping criterion for optimization of this luminescence is proposed.
Experimental:
Thick 6H-SiC layers (50~80 µm) were grown on 1.4° off-axis 6H-SiC (0001) substrates by the FSGP. The growth was performed in a high purity graphite crucible at 1750°C for one hour. N doping was controlled by adjusting the N 2 gas growth pressure. B doping was achieved by using polycrystalline SiC source containing different boron concentrations. To determine N and B doping concentrations in the epilayers, secondary ion mass spectroscopy (SIMS) measurements were done by a modified Cameca IMS 4f equipment with an O 2+ ion source. Photoluminescence (PL) spectra were collected at room temperature using a frequency doubled Ar+-ion laser for excitation operated at λ=244 nm with a high excitation power density of ~60 W/cm 2 . A Jobin Yvon-Horiba Triax 550 spectrometer, fitted with a 600 grooves/mm grating and a cooled charge coupled device camera, completed the setup. In the previous work [4] , internal quantum efficiency (IQE) value of 95% was estimated by a comparison of integrated photon counts in GaN at 10K with photon counts in f-SiC at 250K, in which the IQE of GaN at 10K is assumed to be 100%. In this work, all IQE values are obtained from the measurements of directly measured external quantum efficiencies (EQEs)
by a system with an integrated sphere, an excitation source and a calibrated monochromatic meter combined with a photomultiplier. And we obtained IQE values at a high excitation density of 27W/cm 2 . The excitation source, which is a 355 nm-frequency-tripled YAG CW laser with a beam diameter of 1 mm, was put into the integrated sphere and was led on f-SiC samples. A ratio of PL photon number to absorbed excitation photon number provided the EQEs, and they were divided by a theoretical light extraction efficiency to give IQEs. A light extraction value of 6% from the layers was used for determining the IQE. Table I shows the growth condition and SIMS results for three series of samples (labeled as A-, B-, C-series) grown by using the source with B concentrations of 5×10 17 , 1×10 18 and 4×10 18 cm -3 , respectively. At room temperature, these N and B co-doped samples exhibit very efficient visible luminescence. Fig. 1 shows, for instance, the picture of yellowish emission from an N and B co-doped 6H-SiC epilayer under the excitation of 375 nm from two commercial UV nitrides LEDs. This simple excitation configuration is essentially identical to the designed white LEDs structure. The only difference is that these two UV LEDs are separated for excitation purpose and far away from the f-SiC layers rather than being as a direct integration of a nitride UV-LED stack on f-SiC. Clearly, the fluorescent SiC has efficient emissions at room temperature even under such weak excitation of the UV LEDs.
Results and discussion:
Photoluminescence (PL) spectra were collected under a saturated excitation power density (~60 W/cm 2 ) to make most of donors and acceptors essentially non-ionized. Fig. 2 (a) shows the room temperature PL spectra for the three series of samples grown with sources containing B concentrations of 5×10 17 , 1×10 18 and 4×10 18 cm -3 , respectively. As seen in Table   I , for each of series, the source used for the growth contains almost constant B concentration but the N 2 growth pressure was changed to adjust the N doping. All samples give a broad emission band centered at ~584 nm (2.12 eV), which has already been attributed to the N-B DAP emission in 6H-SiC [8, 9] . The photon energy from the DAP transition is given by
where G E , D E and A E are the band gap From Fig. 2 (b) , it is seen that the PL intensity depends not only on the B concentration in the source but also the N 2 gas growth pressure. This indicates the PL intensity is related to both N and B doping concentrations in the epilayers. Table I results, it is evident that the PL intensity is largely dependent on the nitrogen and boron doping concentrations. It should be noted that no visible PL can be observed at room temperature in samples which have higher boron concentration than nitrogen, namely, p-type, see sample C 1 for instance. This can be explained as following: Since the nitrogen donor is much shallower than the boron acceptor, the Bohr radius of nitrogen is much larger than that of boron. Thus for a given donor-acceptor pair, the radiative recombination rate is determined by the Bohr radius of nitrogen [12] . Assuming that all donors and acceptors become neutral at high excitation, the PL intensity can then be explained in terms of the number of the contributing sites and overlap of the electron and hole wave functions [12] . Therefore, there are more radiative recombination centers in the case when the N concentration is higher than the B concentration. There could still be some radiative recombination centers in sample C 1 , while the non radiative recombinations dominate.
To understand how the nitrogen and boron doping influence the luminescence of f-SiC, we To explain the relationship between the PL intensity and the difference of the nitrogen and boron doping concentrations, we consider the steady-state recombination rate via the DAP transition using the model of Aukerman and Millea [13] . In this model, only one donor and one acceptor level are considered. It is assumed that only one transition occurs between electrons captured on donors and holes captured on acceptors and there are no other nonradiative levels in the band gap. Assuming that donors and acceptors become essentially nonionized under the large steady-state excitation, the net recombination rate U via the DAP transition is given by [13] 
where m N is the concentration of the minority impurity, t is transition probability of the DAP recombination, n and p are nonequilibrium carriers, 
If the nonequilibrium electron concentration n can be roughly estimated by equilibrium electron concentration From Eq. (4), it is seen that the DAP radiative recombination rate in n-type f-SiC will saturate at a constant of t N A when . It should be noted that this model does not consider any nonradiative recombination centers. Actually, the higher doping may create some other defects at which carriers may recombine non-radiatively. We have observed that the PL intensity significantly drops down in some samples in which the N concentration is much higher than B concentration. This is because in case of
, the radiative recombination rate is saturated while the crystal quality is degenerated due to the higher doping and more nonradiative defects are thus created so that the luminescence is quenched.
To consider the contribution of the non-radiative defects, we plot the internal quantum 
Conclusion:
In conclusion, we demonstrate that an efficient luminescence can be obtained at room Conductive type n n n n n p n n 
